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The impact of a sessile droplet with a moving meniscus, as encountered in processes 
such as dip-coating, generically leads to the entrapment of small air bubbles. Here we 
experimentally study this process of bubble formation by looking through the liquid 
using high-speed imaging. Our central finding is that the size of the entrapped 
bubble crucially depends on the location where coalescence between the drop and 
the moving meniscus is initiated: (i) at a finite height above the substrate, or (ii) 
exactly at the contact line. In the first case, we typically find bubble sizes of the 
order of a few microns, independent of the size and speed of the impacting drop. 
By contrast, the bubbles that are formed when coalescence starts at the contact 
line become increasingly large, as the size or the velocity of the impacting drop is 
increased. We show how these observations can be explained from a balance between 
the lubrication pressure in the air layer and the capillary pressure of the drop. 



I. INTRODUCTION 



Air bubbles can be entrapped in a wide variety of flows with a free surface |lHl7l|. Such 



u 



entrapped bubbles can have large effects on phenomena such as bulk gas concentrations and 



sound emission 



19l | . In addition, bubbles can be a nuisance for industrial processes, 



where they cause defects, obstructions or noise [20[. Various different mechanisms for air 
entrapment have been proposed in the literature. For example, it is well known that the 
impact of a drop on a free surface (e.g. rain) can induce an inertial cavity collapse that results 
in an oscillating bubble 0, At lower impact speeds, air films can be trapped between 
a liquid drop and a liquid or a solid wall, by lubricating effects of the medium. Such a 
lubricating film can delay or completely avoid coalescence. In the extreme case such an air 
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film can even cause a droplet to float on the liquid surface 2lM23j. Depending on whether this 
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24J. However, 



film simply drains or becomes unstable, air entrainment might occur js, 9, 
it has been predicted that bubbles can also be entrapped during a coalescence with zero 
impact velocity, for which no lubricating film develops. In this case the bubbles form by 
reconnecting capillary waves that result in toroidal bubble rings as described theoretically 



25]. 

In this paper we focus on entrapment of air bubbles that form when a sessile drop im- 
pacts with a moving meniscus. This is relevant for applications such as dip-coating and 
immersion lithography (Fig. [T]). Dip-coating is a very common setup both for applications 
and fundamental studies, where a solid plate is plunged into or withdrawn from a liquid 
reservoir. A very similar geometry is present in immersion lithography, a technology used in 
semi-conductor industry: replacing the air in between a lens and the silicon wafer by a liq- 
uid leads to an increase in the numerical aperture of the system, allowing for the projection 
of smaller structures. A simplified version of the flow geometry for immersion lithography 
is sketched in figure [D c-d) . The "meniscus" consists of a liquid bridge held between the 
hydrophilic glass plate and a wafer which is usually made partially wetting by a coating. 
The water will preferably remain in the gap, due to the contact with the hydrophilic glass 
plate, even when the substrate is in motion. A first mechanism for bubble entrapment is 



that at high ye 
thin air film 



ocities, the contact line can become unstable resulting in entrainment of a 



or bubbles |27l . |28| . A second mechanism that leads to bubbles in these ap- 
plications is due to residual drops, which are left on the substrate. These drops move along 
with the substrate and collide with the reservoir (dip-coating) or liquid bridge (immersion 
lithography). Air bubbles are generically entrapped during a collision of such a sessile drop 
with the meniscus. 

We present an experimental study on the formation of bubbles resulting from the impact 
of a sessile drop with a meniscus close to a moving contact line. The sessile drop always 
coalesces with the meniscus. As summarized in Fig. [2} however, we identified two scenarios 
for bubble entrapment. First, when the contact takes place at or very close to the moving 
contact line (i.e. at h — 0, with h the impact height with respect to the moving substrate) 
we observe "floating bubbles" . These bubbles are spherical and float in the bulk of the liquid 
bridge. Second, when the first contact between the sessile drop and the meniscus takes place 
above the moving contact line (h > 0) also a "sticking bubble" can be formed. This bubble 
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FIG. 1: Two examples of bubble entrapment during the collision of a sessile drop with a meniscus: 
dip-coating (a,b) and immersion lithography (c,d). (a) A sessile drop moves with the substrate 
into a liquid reservoir, (b) Air bubbles can be trapped during the coalescence of the drop with the 
reservoir. These bubbles are sometimes floating in the bulk liquid (floating bubbles) and sometimes 
attached to the substrate (sticking bubbles), (c) A sessile drop moves with the substrate into a 
liquid bridge. The liquid bridge consists of a gap filled with liquid, stationary at the top (pinned 
contact line) and sliding over the substrate at the bottom (moving contact line). The front part of 
the liquid bridge forms the meniscus in the 'drop-meniscus-collision', (d) Similar as in dip-coating, 
two types of bubbles can be formed. 

is attached to the substrate and moves with the wafer. It should be noted that apart from 
these two cases, the coalescence can also result into no bubble formation, or a combination 
of floating bubbles and sticking bubbles. As summarized in Fig. |2j this depends on whether 
or not the airsheet breaks up during the coalescence. 

The paper is organized as follows. We first introduce the experimental setup (Sec. HB . 
Then we will discuss the formation mechanism of the two possible types of bubbles appearing 
during the drop- meniscus collision (Sec lIIII) . and quantify the size of the entrapped bubbles, 
as a function of the impact velocity and the size of the sessile drop (Sec. II Vj) . The latter 
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FIG. 2: Scenarios for bubble entrapment. Two different bubble types can form depending on the 
impact height h (indicated by the black dot). If the first contact is located at the contact line 
(h = 0), the upward motion of the coalescing bridge drives the air between the drop and the 
meniscus away from the substrate. Depending on the dynamics of this retraction, this results into 
breakup (floating bubble) or no bubble. Similar dynamics is observed when first contact is above 
the contact line h > 0. However, for the downward motion of the liquid bridge we always observe 
the entrapment of an air bubble at the substrate (sticking bubble). 

section also includes explanations for the size of the two types of bubbles. The paper ends 
with a discussion (section [V}. 

II. EXPERIMENTAL SETUP 



The experimental setup consists of a coated glass wafer (D = 300 mm) clamped to a 
turntable that is rotated with controlled angular velocity uj = 5 — 225 °/s. The rotational 
motion of the wafer approximates a linear motion in the camera reference frame, due to the 
small droplet size compared to the radial position on the wafer (r ~ 135 mm). A detailed 
description of a similar setup is given in Winkels et al. 29[. The geometry in which the 
collision between a sessile drop and a meniscus is realized is sketched in Fig. [3j A small glass 
plate (7 x 12 mm) is fixed in the camera reference frame at a height 0.8 — 2.8 mm above the 
substrate and close (< 15 mm) to the edge of the wafer. The gap between the wafer and 
the glass plate is filled with water (Millipore, Milli-Q, Advantage A10) resulting in a liquid 
bridge with a pinned contact line at the hydrophilic glass plate and a mobile contact line 
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at the coated wafer [9 e ~ 70° — 83°). With this construction, the liquid is held fixed in the 
camera reference frame also when the wafer is rotated. The liquid bridge then slides over 
the wafer, such that at the front and at the rear of the bridge there is a moving contact line. 
Within the experimental range of velocities, we observe no air entrainment unless there is a 
collision with an incoming sessile drop. 

The two main control parameters in the experiment are the size and velocity of the 
impacting drop. Before each measurement a sessile droplet is created on the wafer with 
multiple drops from a micro-drop generator (Microdrop Technologies, MD-E-3000 in combi- 
nation with a MD-K-130 dispenser head, single drop diameter ~ 65 [im). We achieve drop 
sizes in the range R ~ 0.2 — 1 mm. The sizes are determined from side view recordings. The 
wafer velocity, and hence the impact velocity of the sessile drop, is varied over the range 
U ~ 0.01 - 0.54 m/s. 

The process of impact and the subsequent bubble formation is recorded simultaneously 
with two high speed cameras. For the top view a Shimadzu HP VI or Photron SAl.l (fram- 
erates 10 — 250 kfps) is used, connected to a long distance microscope (Navitar 12X Zoom 
with 1.5X front lens) obtaining a maximum resolving power of 2 /im/pixel. The side view 
is captured simultaneously with a PCO1200s camera (used at 1 kfps) attached to a lens 
(Jenoptik, JENmetar lx/12 LD). To image the formation of the bubbles, the meniscus is 
viewed from above through the top glass plate, as shown in Fig. [3^l. In combination with 
backlit illumination the meniscus turns black, while the wetted area inside the liquid bridge 
turns bright. Typical image recordings are shown in Fig. [3b. The contact line of the ses- 
sile drop is marked with the yellow line: prior to impact, the drop is 'hidden' behind the 
meniscus in the top view recordings. During the coalescence, the region where the drop and 
meniscus have merged will actually turn bright and can thus be monitored very accurately. 
Note that the white ring that appears in the bright part of the image is an optical artefact 
without fluid mechanical meaning (see Fig. Hfci). 

Finally, we note that the liquid bridge can exhibit a rather complex geometry. The 
meniscus can be convex or concave depending on the gap height, volume of liquid and the 
dynamic contact angle. Throughout our experiments we have tuned these parameters in 
order to keep the impacting meniscus as "flat" as possible in the side view. By avoiding 
strongly concave or convex menisci, we have been able to obtain conditions where the bubble 
formation is highly reproducible. Namely, the geometry of impact is then a spherical cap 
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FIG. 3: (a) Schematic of the experimental setup. The top-view recordings are obtained with 
backlit illumination. The drop radius R, equilibrium contact angle e and dynamic contact angle 
9d are also defined, (b) Three-dimensional impression of the impact of a sessile droplet (yellow 
line denotes the contact line) with the liquid bridge. The black-and-white images show typical 
recordings of the side- and top- view obtained with the experimental setup. 

with angle 9 e , colliding with a meniscus that can be approximated by a "plane" with dynamic 
contact angle 9d- Then a simple geometrical argument suggests that if 9 e + 9a < ir, h = 0, 
while if 9 e + 9^ > ir, h > 0. The combination with for example the dynamic contact angle 
as a function of velocity, would give a possible predictive tool for the impact height h as 
a function of velocity - provided that meniscus profile can be kept perfectly flat. In our 
experiments we observe the impact height from the top view measurements and investigate 
the resulting coalescence dynamics and possible bubble formation process. 



We first consider the case where the coalescence is initiated at the contact line, with 
impact height h — within experimental accuracy. The subsequent coalescence is directed 
upwards, away from the substrate. The outcome of the experiment is that either a floating 
bubble is formed inside the liquid, or no bubble is formed. Figure H] shows a typical image 
sequence in the case a floating bubble is entrapped. Below the experimental stills we provide 
sketches of the side view, to clarify the various stages of the bubble formation. These sketches 



III. EXPERIMENTAL OBSERVATIONS 



A. Floating bubbles: h = 
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serve as illustration and do not provide a fully accurate description of the deformation. 

A sessile droplet with size R, moves from left to right with velocity U (FigfJJ). The 
yellow solid line indicates the contact line of the sessile drop which is hidden behind the 
black meniscus prior to impact. The white dashed line denotes the moving contact line 
of the meniscus. Interestingly, a small deformation of the contact line can be observed at 
time t = —24 fis before impact (white arrow, Fig. HJ t = —24 fis). This deformation is 
due to the lubrication pressure building up in the air between the drop and the meniscus. 
Subsequently, the coalescence process starts at, or at least very close to, the contact line 
(Fig. HII). During the upward motion of the coalescing bridge a pocket of air is enclosed, 
resulting into a floating bubble (Fig. Hill). The coalescence continues while the spherical 
bubble floats inside the liquid bridge (t = 312 fis, Figj4|). The floating bubble is stable and 
remains inside the liquid bridge also after drop collision (Fig. HJV). 

B. Sticking bubbles: h > 

Another type of bubble that can be entrapped is a sticking bubble, attached to the 
substrate after its formation. These sticking bubbles form a spherical cap with a finite 
contact angle, and arise when the initial contact between the drop and the substrate occurs 
at a finite height above the substrate, h > 0. The process of sticking bubble formation is 
clearly revealed in the top view recordings as shown in Figure [5j Once more, we complement 
the still images with side view sketches to clarify the process of bubble formation (I- IV). It 
should be noted that in comparison with Fig. HI besides the impact height h > also the 
drop size R is different. However as will be shown later this does not affect the phenomenon. 

At very short time before impact (t = —2 fis, Fig. O), the drop-meniscus separation 
distance is very small and the sessile drop is indicated by the yellow circle. Once again, the 
meniscus is completely black and the drop moves in from the left with velocity U, hidden 
behind the meniscus in this top view. The moving contact line of the meniscus is slightly 
curved and indicated by the white dashed line. After several microseconds, t = 22 fis, 
one clearly observes that contact has occurred at a finite height above the substrate. The 
bridge connecting the drop and the meniscus appears as a bright ellipsoidal area (Fig. Ol). 
Coalescence is initiated in all directions, and the downward part of the bridge approaches 
the substrate (Fig. El t = 22 — 94 fis). During this rapid motion, the air is confined in a 
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FIG. 4: Top: High-speed recordings of the formation of a floating bubble. The yellow solid line 
denotes the contact line of the sessile droplet before impact (hidden behind the black meniscus). 
In the final top view image (t = 312^s), the air bubble is located in the white dashed circle. 
Parameter settings: U = 300 ± 3 mm/s, R = 0.35 ± 0.02 mm, Rbub = 22 ± 3 pirn. Note: the white 
ring in the bright part of the image is an optical artefact. Bottom: Sketch of the side view during 
the bubble formation at different moments in time. I) The sessile drop approaches the meniscus at 
velocity U. II) Before coalescence an air sheet is formed between the meniscus and the drop, which 
retracts upwards away from the substrate if coalescence is initiated at the contact line (h = 0). 
Ill) The retracting air sheet is enclosed during the coalescence. IV) A spherical bubble is formed, 
that floats in the bulk liquid (floating bubble). 




FIG. 5: Top: High-speed recordings of the formation of a sticking bubble. The yellow solid 
line in the first image denotes the static contact line of the sessile droplet (hidden behind the 
meniscus), while the dashed line shows the moving contact line of the meniscus. In the final image 
(t = 190/is), the air bubble is indicated by the red dashed circle. Parameter settings: U = 375 ± 3 
mm/s, R = 1.00 ± 0.03 mm, Rbubbie = 12 ± 6 [im. Bottom: Sketch of the side view during the 
bubble formation. I) The sessile drop approaches the meniscus. II) First contact occurs at finite 
height h > 0. As a result, a coalescing bridge moves upwards and downwards. Ill) The downward 
retracting air sheet creates an air channel at the substrate (perpendicular to the field of view), 
which finally breaks up into a sticking bubble. IV) The sessile drop merged with the liquid bridge, 
leaving a sticking bubble inside the bulk liquid. 
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cylindrical cap that is squeezed between the wafer and the downward coalescing front. At 
the final stage of bubble formation, this cylindrical shape pinches off symmetrically along the 
wafer (up- and downwards in the image), leaving a small "satellite" bubble at the substrate. 
This sticking bubble (Fig. [5JII, t = 190 /is, red dashed circle), moves with the substrate. 
The coalescence also proceeds in the upward direction, away from the contact line. In some 
experiments we have seen that this can also result into a floating bubble, in analogy to those 
described in Sec. IIII Al 

IV. BUBBLE SIZES 
A. Measurements 

We now investigate the size of the entrapped bubbles, characterized by the radius Rbub, 
for different impact conditions. In particular, we vary the size of the sessile drop, R, and 
the impact velocity, U. Our measurements are summarized in Fig. EJ The triangles (<,<,<) 
show data obtained for floating bubbles, for U = 0.01 - 0.4 m/s and R = 0.26-1.00 mm 
in radius. The blue squares (□) are results for sticking bubbles, for the impact velocities 
U = 0.02 — 0.54 m/s and R = 0.21 — 0.62 mm. Each data point corresponds to a single 
collision, and the error bars represent the accuracy of resolution. 

One clearly observes that the two different types of bubbles display very different sizes, 
originating from the different mechanisms of their formation. For floating bubbles, the 
general trend is that Rbub increases with impact velocity. However, for a given velocity 
there is a rather large spread of the data. We show below that this can be attributed to 
the different sizes of impacting drops. This is also why Rbub is lower for the largest impact 
velocities, which were obtained for relatively small drops. The results for sticking bubbles 
are very different: within our experimental resolution, the bubble size is independent of 
both the impact velocity and of the radius of impacting drop. The size of sticking bubbles 
is approximately Rbub ~ 5 /zm, which is much smaller than the floating bubbles. 

B. Floating bubbles: h = 

As observed in Sec. IIII A\ the meniscus is weakly distorted already before the coalescence 
starts (arrow Fig. HJ t — —24 /is). This suggests that a pressure builds up inside the air 
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FIG. 6: Size of entrapped bubbles Rbubi measured as a function of impact velocity U. The data 
summarize all collision events, for varying drop sizes. The triangles (o) represent the data for 
floating bubbles. For these bubbles the colors indicate the approximate impact drop radius: red 
triangles (<) R < 400 fim, blue triangles (<a) 400 < R < 600 fim and black triangles (<) R > 600 jim. 
The squares (□) denote the sticking bubbles for 0.21 < R < 0.62 mm. The typical measurement 
error is indicated in the legend. 

layer in between the drop and meniscus, which is sufficiently strong to deform the liquid 
interfaces prior to impact. In fact, this effect is well-known for drop impact on a solid or on 



a liquid reservoir 12 
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21-23 



3 If . As the air is squeezed out of the narrow gap, the 



viscous air flow leads to a lubrication pressure inside the layer. 

The volume of the entrapped air sheet ultimately determines the size of the air bubble. 
We therefore propose that the lubrication pressure is responsible for the velocity dependence 
of Rbub- As the pressure originates from the dynamical viscosity of the gas, rj g , it is natural 
to re-plot the experimental data in terms of the capillary number Ca = Ur) g /j, where 7 is 
the surface tension (even though we did not explicitly vary the gas viscosity t] g and surface 
tension 7). Figure [7] shows the data in dimensionless form, where we scaled the bubble 
radius by the radius of the impacting drop. In comparison to Fig. |6l we indeed observe that 
the rescaled bubble sizes are nicely aligned, and display a monotonic increase with Ca. The 
scatter is comparable to the experimental error in determining the bubble radius. The data 
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are reasonably described by a power-law over more than a decade in Ca. 
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FIG. 7: Floating bubbles sizes. Bubble radius Rbub normalized by R, plotted versus the capillary 
number Ca = Urjg/'y. The colors indicate the approximate impact drop radius: in red R < 400 
jum, in blue 400 < R < 600 fim and in black R > 600 jim. 
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FIG. 8: Sketch of a drop impacting a substrate. 



We now rationa 
solid substrate 12 



ize this dependence on Ca by drawing the analogy with drop impact on a 
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32| . The geometry of this impact is sketched in Fig. [SJ and is actually 



much simpler than the geometry of Fig. [TJ While the drop approaches the substrate with 
velocity U, the thickness of the air layer reduces and air is squeezed out. As long as the 
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lubrication pressure, P v , is significantly smaller than the capillary pressure inside the drop, 
P 7 = 27/i?, the drop remains spherical. In this regime the drop is undeformed and the 
shape of the air layer is described by 5(r) ~ 5q + r 2 /(2R). Then, the lubrication pressure 



can be computed exactly [33 ] . 



_ 3rjgUR 
^ (l + gfe) 

where 5q is the gap thickness at r = 0. From this equation, it is clear that the typical lateral 
length scale of the lubricating pressure is, L ~ (RSo) 1 ' 2 - 

To estimate at what distance <5q the drop will start to deform, we balance P v ~ P 7 . 



Note that this is different from 
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13], in which P v is balanced with the inertial pressure 



inside the liquid. In the experiment 



s presented in this paper the impact velocities and drop 



impact size are smaller than 12|, |l3[, such that the inertial pressure is in fact sub-dominant 



compared to the capillary pressure. For the smallest drop size and lowest velocities, it is 



relevant to question whether viscous effects inside the drop come into play [40j, |4l| . However, 
an estimation of the smallest Reynolds number, Re ~ 2, shows that viscous effects in the 
liquid are comparable to inertia, and therefore are sub-dominant as well. The visco-capillary 
balance yields a characteristic height for the dimple below the drop H (Fig. [S]): 

*g«~£=,*~ fl(C .)V». (2) 

This determines the distance at which the drop first deforms, and provides the natural length 
scale for the dimple size in the direction normal to the wall. In a very short time (~ 0.1 ms) 
the deformation finally leads to very fast coalescence during which the lubricating air sheet 
is trapped and forms a bubble. The volume of the air pocket, and hence of the bubble, is 
expected to scale as 

RL ~ HL 2 ~H 2 R^?f~ Ca^. (3) 

Despite the obvious difference in impact geometry, this scaling argument is consistent 
with the experimental data for the floating bubbles that form during the impact of a sessile 
drop with a meniscus. This suggests that the bubble volume is indeed governed by the 
lubrication effect of the squeezed gas layer. Clearly, a much more detailed modelling of the 
impact geometry, and the subsequent drainage of air, is required to confirm this scenario. 
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C. Sticking bubbles: h > 

How can we understand that the size of sticking bubbles is independent of U7 The key 
is that the coalescence of the meniscus and drop in Fig. [5l leading to the air confinement at 
the substrate, is much faster than the impact velocity U. This is quantified in Fig. |9l where 
we plot the growth of the coalescing bridge in time. The bridge radius w approximately 
grows as w ~ t l l 2 (best fit: 0.55), which is comparable to the standard inertia-dominated 



coalescence of two free droplets 25|,|34[. The fact that the exponent is slightly larger than 1/2 



is consistent with recent measurements on water drops, signalling a crossover to a viscosity- 



dominated coalescence (35|. A power- law with exponent smaller than unity implies a very 
rapid dynamics at the initial stages. From the perspective of bubble entrapment, this means 
that speed with which the cylindrical cap of air is squeezed (Fig. [5]), is much faster than the 
actual impact velocity of the sessile drop. This explains why U is irrelevant for the size of 
the sticking bubbles. 

It still remains a question why the size of sticking bubbles is also independent of the drop 
radius R. A closer look at the sticking bubble formation, reveals a striking analogy with 
the pinch-off process of a buoyant air bubble from a nozzle in water, such as visualized by 



Burton et al [36| and shown in a time sequence in Fig. [TUb . The first image per row is a three 
dimensional sketch of the liquid gas interface in each configuration. Apart from the presence 
of the substrate, the geometry of the liquid-gas meniscus is very similar in case of the sticking 
bubble formation. For the buoyant bubble, the detachment of the large bubble occurs by 
the breakup of a slender cylindrical neck. During this breakup, small satellite bubbles of 
approximately 10 microns diameter are formed at the middle of the neck. According to js7|, 
the size of these satellites can be attributed to the inertia in the gas phase, which becomes 
relevant during the final stages of pinch-off. Indeed, we observe a very similar breakup o 



the cylindrical cap in figure ITUa . The main difference with respect to Burton et al. 36 1 
is that in our case the cylinder of air is attached to the surface. However, the time scale 
for breakup and the size of the satellite bubble are almost the same in both experiments. 
Clearly, the size of the impacting drop is completely irrelevant during this final stage of the 
bubble formation. 

In conclusion, the sticking bubbles display a universal size due to a combination of two 
classical singularities: coalescence and breakup. First, the growth of the coalescing bridge is 
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FIG. 9: Coalescence bridge growth w as a function of time t, for impact occurring at finite height 
h. Inset: typical recording image (see Fig. [5l t = 70 [is) with definition of w. 



extremely fast, making the impact velocity of the sessile drop irrelevant. It confines the air 



between the coalescing bridge and the su 
of air undergoes a pinch-off, similar to 



jstrate into a cylindrical air pocket. This cylinder 



36- 



What remains is a small bubble that is 



completely independent of impact conditions. 



V. DISCUSSION 



We have identified two types of bubbles that form during the impact of a sessile drop 
with a meniscus. As summarized in Fig. |2j the formation crucially depends on the height 
of the initial contact. When the first contact occurs at h = the resulting bubbles are 
"floating" inside the liquid. These bubbles appear due to the entrapment of a lubricating air 
film, in analogy for bubble entrapment below drops falling on a solid surface. The bubble 
sizes increase in size with increasing impact velocity, consistent with a scaling argument 
Rbub/R ~ Ca 1 / 3 . By contrast at finite impact height, h > 0, the entrapped bubbles are 
"sticking" to the substrate. Their size is a few microns and their formation is completely 
independent of the size and velocity of the impacting drops. The reason for this is that 
the formation process is dominated by the very fast coalescence, followed by the very fast 
pinchoff of an air cylinder. 

Our findings will be of interest for applications such as coating and immersion lithography. 
Collisions between drops and the meniscus can occur in these geometries, but bubbles are 
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FIG. 10: Analogy of break-up of a cylindrical cap (a) (zoom in top view Fig. [5]) with the break-up 
of a cylindrical neck in bubble pinch-off (b) (reprint Burton et al. PRL 94, 184502, 2005). The 
first image per row is a three dimensional sketch of the liquid gas interface in each configuration. 
The break-up of a cylindrical cap, results in a sticking bubble, while the axi-symmetric neck in 
case of the buoyant bubble results in spherical satellite bubbles. 

usually not desired. We have shown that bubble sizes are strongly reduced when the initial 
contact occurs at a finite height above the substrate, which can be achieved by tuning the 
wettability of the substrate. However, we emphasize here that the geometry of impact can 
be much more complicated than the conditions studied in this paper. In our experiments we 
avoided strongly convex or concave menisci, such that the small sessile drops always impact 
a nearly flat meniscus. Meniscus curvature indeed has a strong influence, in particular on 
the drainage dynamics of the air film. As mentioned in Fig. [21 the upward coalescence 
does not always lead to the entrapment of a bubble. We have not been able to quantify 
the parameters that determine whether or not a floating bubble will form. This remains 
an important open question, which needs to be answered to verify the validity of simple 
geometric arguments predictive tool. 

The importance of geometry is illustrated in Fig. [Til reporting the impact of a relatively 
large drop, with a drop size comparable to the height of the liquid bridge. In that case, 
the shape of the air sheet and the subsequent drainage dynamics is strongly affected (R 
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FIG. 11: Complex break-up pattern of an air sheet (relatively large impacting droplet, R = 1.1 
mm; height liquid bridge: 1.44 mm). 

becomes comparable with the radius of curvature of the meniscus) . One can clearly observe 
the destabilization of the air sheet, and how this results into multiple small bubbles. This 
is very different from the impact of small drops, for which we always observed break-up of a 
single filament. We speculate that the relevant parameter is the drop size in relation to the 
relevant dimensions of the meniscus, such as its curvature or its height, but this remains to 
be investigated. Also, in the theoretical approach we have focused on the cases where the 
impact is normal to the contact line of the meniscus. An inclined impact, could of course 
have an effect on the symmetry and build up of the lubricating air film, and the subsequent 
coalescence process. It would be interesting to investigate these effects in more detail, both 
experimentally and numerically. 
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